There exist several all-optical techniques for wavelength conversion based on SOAs using the cross gain modulation (XGM) and cross phase modulation (XPM) effects between the pulsed signal and the continuous wave (CW) beam at the wavelength at which the converted signal is desired Agrawal (2002) . In particular, MZI with a SOA inserted in each arm is characterized by a high on-off contrast and the output converted signal consisting of the exact replica of the incident signal Agrawal (2002) . All-optical logic operations are important for all-optical signal processing Sun (2005) . Alloptical logic gates operation is based on nonlinearities of optical fibers and SOAs. However, the disadvantages of optical fibers are weak nonlinearity, long interaction length, and/or high control energy required in order to achieve a reasonable switching efficiency Sun (2005) . On the contrary, SOAs, and especially QD-SOAs, possess high nonlinearity, small dimensions, low energy consumption, high operation speed, and can be easily integrated into photonic and electronic systems Sun (2005) , Hamié (2002) , Kanellos (2007) , Dong (2008) . The major problems of the improving transmission optical systems emerge from the signal-tonoise ratio (SNR) degradation, chromatic dispersion, and other impairment mechanisms Zhu (2007) . For this reason, the optical signal reamplification, reshaping, and retiming (3R), or the so-called 3R regeneration, is necessary in order to avoid the accumulation of noise, crosstalk and nonlinear distortions and to provide a good signal quality for transmission over any path in all-optical networks Sartorius (2001) , Zhu (2007) , Leem (2006) , Kanellos (2007) . Optical regeneration technology can work with lower power, much more compact size, and can provide transparency in the needed region of spectrum Zhu (2007) . All-optical 3R regeneration should be also less complex, and use fewer optoelectronics/electronics components than electrical regeneration providing better performance Leem (2006) . All-optical 3R regenerator for different length packets at 40Gb/s based on SOA-MZI has been recently demonstrated Kanellos (2007) . We developed for the first time a theoretical model of an ultra-fast all-optical signal processor based on the QD SOA-MZI where XOR operation, WC, and 3R signal regeneration can be simultaneously carried out by AO-XOR logic gates for bit rate up to (100 − 200) Gb/s depending on the value of the bias current I ∼ (30 − 50) mA Ben-Ezra (2009). We investigated theoretically different regimes of RZ optical signal operation for such a processor and carried out numerical simulations. We developed a realistic model of QD-SOA taking into account two energy levels in the conduction band of each QD and a Gaussian distribution for the description of the different QD size Ben-Ezra (2007) , Ben-Ezra (2009), unlike the one-level model of the identical QDs recently used Berg (2004a) , Sun (2005) . We have shown that the accurate description of the QD-SOA dynamics predicts the high quality output signals of the QD SOA-MZI based logic gate without significant amplitude distortions up to a bit rate of about 100Gb/s for the bias current I = 30mA and 200Gb/s for the bias current I = 50mA being limited by the relaxation time of the electron transitions between the wetting layer (WL), the excited state (ES) and the ground state (GS) in a QD conduction band Ben-Ezra (2009). The chapter is constructed as follows. The QD structure, electronic and optical properties are discussed in Section 2. The dynamics of QD SOA, XGM and XPM phenomena in QD SOA are described in Section 3. The theory of ultra-fast all-optical processor based on MZI with QD SOA is developed in Section 4. The simulation results are discussed in Section 5. Conclusions are presented in Section 6.
Structure, Electronic and Optical Properties of Quantum Dots (QDs)
Quantization of electron states in all three dimensions results in a creation of a novel physical object -a macroatom, or quantum dot (QD) containing a zero dimensional electron gas. Size quantization is effective when the quantum dot three dimensions are of the order of magnitude of the electron de Broglie wavelength which is about several nanometers Ustinov (2003) . An electron-hole pair created by light in a QD has discrete energy eigenvalues caused by the electron-hole confinement in the material. As a result, QD has unique electronic and optical properties that do not exist in bulk semiconductor material Ohtsu (2008) . QDs based on different technologies and operating in different parts of spectrum are known such as In(Ga)As QDs grown on GaAs substrates, InAs QDs grown on InP substrates, and colloidal free-standing InAs QDs. QD structures are commonly realized by a self-organized epitaxial growth where QDs are statistically distributed in size and area. A widely used QDs fabrication method is a direct synthesis of semiconductor nanostructures based on the island formation during strained-layer heteroepitaxy called the Stranski-Krastanow (SK) growth mode Ustinov (2003) . The spontaneously growing QDs are said to be self-assembling. The energy shift of the emitted light is determined by size of QDs that can be adjusted within a certain range by changing the amount of deposited QD material. Smaller QDs emit photons of shorter wavelengths Ustinov (2003) . The main advantages of the SK growth are following Ustinov (2003) .
1. SK growth permits the preparation of extremely small QDs in a maskless process without lithography and etching which makes it a promising technique to realize QD lasers.
2. A great number of QDs is formed in one simple deposition step.
3. The synthesized QDs have a high uniformity in size and composition.
4. QDs can be covered epitaxially by host material without any crystal or interface defects.
The simplest QD models are a spherical QD with a radius R, and a parallelepiped QD with a side length L x,y,z . The spherical QD is described by the spherical boundary conditions for an electron or a hole confinement which results in the electron and hole energy spectra E e,nlm and E h,nlm given by, respectively Ohtsu (2008) E e,nlm = E g +h
where
E g is the QD semiconductor material band gap, m e,h are the electron and hole effective mass, respectively,h = h/2π, h is the Planck constant, and α nl is the n-th root of the spherical Bessel function. The parallelepiped QD is described by the boundary conditions at its corresponding surfaces, which yield the energy eigenvalues E e,nlm and E h,nlm given by, respectively Ohtsu (2008)
The density of states ρ QD (E) for an array of QDs has the form Ustinov (2003)
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where δ E − E e,nlm is the δ-function, and n QD is the surface density of QDs. The optical spectrum of QDs consists of a series of transitions between the zero-dimensional electron gas energy states where the selections rules are determined by the form and symmetry of QDs Ustinov (2003) . The finite carrier lifetime results in Lorentzian broadening of a finite width Ustinov (2003) . Detailed theoretical and experimental investigations of InAs/GaAs and InAs QDs electronic structure taking into account their more realistic lens or pyramidal shape, size, composition profile, and production technique have been carried out Bimberg (1999) , Bányai (2005) , Ustinov (2003) . A system of QDs can be approximated with a three energy level model in the conduction band containing a spin degenerate ground state GS, fourfold degenerate excited state (ES) with comparatively large energy separations of about 50 − 70meV, and a narrow continuum wetting layer (WL). The electron WL is situated 150meV above the lowest electron energy level in the conduction band, i.e. GS and has a width of approximately 120meV. In real cases, the QDs vary in size, shape, and local strain which leads to the fluctuations in the quantized energy levels and the inhomogeneous broadening in the optical transition energy. A Gaussian distribution may be used for the description of the QD sizes, and it shows that the discrete resonances merge into a continuous structure with widths around 10% Bányai (2005) . The QDs and WL are surrounded by a barrier material which prevents direct coupling between QD layers. The absolute number of states in the WL is much larger than in the QDs. GS and ES in QDs are characterized by homogeneous and inhomogeneous broadening Bányai (2005) . The homogeneous broadening caused by the scattering of the optically generated electrons and holes with imperfections, impurities, phonons, or through the radiative electronhole pair recombination Bányai (2005) is about 15meV at room temperature Sugawara (2002) . The inhomogeneous broadening in the optical transition energy is due to the QDs variations in size, shape, and local strain Bányai (2005), Sugawara (2004) , Ustinov (2003) . In(Ga)As/GaAs QDs are characterized by emission at wavelengths no longer than λ = 1.35µm, while the InAs/InP QDs have been proposed for emission at the usual telecommunication wavelength λ = 1.55µm Ustinov (2003) .
Structure and Operation Mode of QD SOA
In this section, we will discuss the theory of QD SOA operation based on the electron rate equations and photon propagation equation Qasaimeh (2003) , Qasaimeh (2004) , Ben-Ezra (2005a) , Ben-Ezra (2005b) , Ben-Ezra (2007) .
Basic Equations of QD SOA Dynamics
The active region of a QD SOA is a layer including self-assembled InGaAs QDs on a GaAs substrate Sugawara (2004) . Typically, the QD density per unit area is about 10 10 − 10 11 cm −2 . The bias current is injected into the active layer including QDs, and the input optical signals are amplified via the stimulated emission or processed via the optical nonlinearity by QDs Sugawara (2004) . The stimulated radiative transitions occur between GS and the valence band of QDs. A detailed theory of QD SOAs based on the density matrix approach has been developed in the pioneering work Sugawara (2004) where the linear and nonlinear optical responses of QD SOAs with arbitrary spectral and spatial distribution of quantum dots in active region under the multimode light propagation have been considered. It has been shown theoretically that XGM takes place due to the coherent terms under the condition that the mode separation is comparable to or less than the polarization relaxation rate |ω m − ω n | ≤ Γ g where ω m,n are the mode frequencies and the relaxation time τ = Γ −1 g = 130 f s Sugawara . XGM is also possible in the case of the incoherent nonlinear polarization, or the socalled incoherent spectral hole burning Sugawara (2004) . XGM occurs only for signals with a detuning limited by the comparatively small homogeneous broadening, and for this reason the ensemble of QDs should be divided into groups by their resonant frequency of the GS transition between the conduction and valence bands Sugawara (2004) . The phenomenological approach to the QD SOA dynamics is based on the rate equations for the electron densities of GS, ES and for combined WL and barrier serving as a reservoir. It is determined by electrons, because of the much larger effective mass of holes and their smaller state spacing Berg (2004a) . Recently, an attempt has been carried out to take into account the hole dynamics for small-signal XGM case Kim (2009) .
In the QD SOA-MZI, optical signals propagate in an active medium with the gain determined by the rate equations for the electron transitions in QD-SOA between WL, GS and ES Qasaimeh ( The stimulated and spontaneous radiative transitions occur from GS to the QD valence band level. The system of the rate equations accounts for the following transitions:
1. the fast electron transitions from WL to ES with the relaxation time τ w2 ∼ 3ps ; 2. the fast electron transitions between ES and GS with the relaxation time from ES to GS τ 21 = 0.16ps and the relaxation time from GS to ES τ 12 ∼ 1.2ps; 3. the slow electron escape transitions from ES back to WL with the electron escape time τ 2w ∼ 1ns.
The balance between the WL and ES is determined by the shorter time τ w2 of QDs filling. Carriers relax quickly from the ES level to the GS level, while the former serves as a carrier reservoir for the latter Berg (2001) . In general case, the radiative relaxation times depend on the bias current. However, it can be shown that for moderate values of the WL carrier density N w ∼ 10 14 − 10 15 cm −3 this dependence can be neglected Berg (2001) , Berg (2004b) . The spontaneous radiative time in QDs τ 1R (0.4 − 0.5) ns remains large enough Sakamoto (2000) , Qasaimeh (2003) , Qasaimeh (2004) , Sugawara (2004) , Matthews (2005) . The carrier dynamics is characterized by slow relaxation processes between WL and ES. The rapidly varying coherent nonlinear population terms vanish after the averaging over the comparatively large relaxation time τ w2 ∼several ps from the two-dimensional WL to the ES. We www.intechopen.com
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have taken into account only incoherent population terms because for XGM between modes with the maximum detuning ∆λ max = 30nm within the especially important in optical communications conventional band of λ = (1530 ÷ 1565) nm the condition ω 1 − ω 2 > Γ −1 g is valid even for the lowest relaxation time from the ES to GS τ 21 = 0.16ps, and the rapidly varying coherent beating terms are insignificant Sugawara (2004) . The direct carrier capture into the GS is neglected due to the fast intradot carrier relaxation and the large energy separation between the GS and the WL and it is assumed that the charge neutrality condition in the GS is valid. The rate equations have the form Qasaimeh (2003) , Qasaimeh (2004) , Ben-Ezra (2007) .
Here, S p , S s are the CW pump and on-off-keying (OOK) modulated signal wave photon densities, respectively, L is the length of SOA, g p , g s are the pump and signal wave modal gains, respectively, f is the electron occupation probability of GS, h is the electron occupation probability of ES, e is the electron charge, t is the time, τ wR is the spontaneous radiative lifetime in WL, N Q is the surface density of QDs, L w is the effective thickness of the active layer, ε r is the SOA material permittivity, c is the velocity of light in free space.The modal gain g p,s (ω) is given by Uskov (2004) 
where the number l of QD layers is assumed to be l = 1, the confinement factor Γ is assumed to be the same for both the signal and the pump waves, a is the mean size of QDs, σ (ω 0 ) is the cross section of interaction of photons of frequency ω 0 with carriers in QD at the transition frequency ω including the homogeneous broadening factor, F (ω) is the distribution of the transition frequency in the QD ensemble which is assumed to be Gaussian Qasaimeh (2004) , Uskov (2004) . It is related to the inhomogeneous broadening and it is described by the expression Uskov (2004)
where the parameter ∆ω is related to the inhomogeneous linewidth γ in hom = 2 √ ln 2∆ω, and ω is the average transition frequency.
XGM and XPM in QD SOA
XGM and XPM in QD SOA are determined by the interaction of QDs with optical signals. The optical signal propagation in a QD SOA is described by the following truncated equations for the slowly varying CW and pulse signals photon densities S CW,P = www.intechopen.com New Approach to Ultra-Fast All-Optical Signal Processing Based on Quantum Dot Devices 425 P CW,P / hω CW,P v g CW,P A e f f and phases θ CW,P Agrawal (1989) .
Here P CW,P are the CW and pulse signal optical powers, respectively, A e f f is the QD SOA effective cross-section, ω CW,P , v g CW,P are the CW and pulse signal group angular frequencies and velocities, respectively, g CW,P are the active medium (SOA) gains at the corresponding optical frequencies, α int is the absorption coefficient of the SOA material, α is a linewidth enhancement factor (LEF) which describes the coupling between gain and refractive index changes in the material and determines the frequency chirping Agrawal (2002) . For the pulse propagation analysis, we replace the variables (z, t) with the retarded frame variables z, τ = t ∓ z/v g . For optical pulses with a duration T 10ps the optical radiation of the pulse is filling the entire active region of a QD SOA of the length L 1mm and the propagation effects can be neglected Gehrig (2002) . Hence, in our case the photon densities
can be averaged over the QD SOA length L which yields
Solution of equation (12) yields for the phases
The time-dependent variations of the carrier distributions in the QDs and WL result in the strong phase changes (12) during the light propagation in the QD SOA Gehrig (2002) . System of equations (6)- (8) with the average pump and signal photon densities (14) and phases (15) constitutes a complete set of equations describing XGM and XPM in QD SOA related by the LEF α as it is seen from equations (11), (12) and (15). In order to investigate the possibility of XGM in QD SOAs due to the connections between different QDs through WL at detunings between a signal and a pumping larger than the homogeneous broadening we modified equations (6)- (8) dividing QDs into groups similarly to Sugawara (2002) , Sugawara (2004) , Sakamoto (2000) . We consider a limiting case of the groups 1 and 2 with a detuning substantially larger than the homogeneous broadening, in order to investigate the possibility that they are related only due to the carrier relaxation from WL to ES Ben-Ezra (2007). The rate equations for such QDs take the form
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where the indices 1,2 correspond to the groups 1 and 2 of QDs. Equations (17)- (18) contain the electron occupation probabilities belonging to the same group and the photon density corresponding to the optical beam resonant with respect to this group, while the WL rate equation (16) includes the contributions of the both groups.
Theory of an Ultra-Fast All-Optical Processor

Theoretical Approach
The theoretical analysis of the proposed ultra-fast QD SOA-MZI processor is based on the combination of the MZI model with the nonlinear characteristics and the QD-SOA dynamics. The block diagram of the processor is shown in Fig. 2 . At the output of MZI, the CW optical signals from the two QD SOAs interfere giving the output intensity Sun (2005) , Wang (2004) .
where P in is the CW or the clock stream optical signal divided and introduced via the symmetric coupler into the two QD-SOAs, G 1,2 (t) = exp (g 1,2 L 1,2 ), g 1,2 , L 1,2 , and φ 1,2 (t) are the time-dependent gain, the SOA gain, the active medium length, and phase shift, respectively, in the two arms of QD SOA-MZI. The phases φ 1,2 (t) should be inserted into equation (19) from equation (15). When the control signals A and/or B are fed into the two SOAs they modulate the gain of the SOAs and give rise to the phase modulation of the co-propagating CW signal due to LEF α Agrawal (2001), Agrawal (2002 ), Newell (1999 . LEF values may vary in a large interval from the experimentally measured value of LEF α = 0.1 in InAs QD lasers near the gain saturation regime Newell (1999) up to the giant values of LEF α = 60 recently measured in InAs/InGaAs QD lasers Dagens (2005) . However, such limiting cases can be achieved for specific electronic band structure Newell (1999) , Dagens (2005) , Sun (2004) . The typical values of LEF in QD lasers are α ≈ (2 − 7) Sun (2005) . Detailed measurements of the LEF dependence on injection current, photon energy, and temperature in QD SOAs have also been carried out Schneider (2004) . For low-injection currents, the LEF of the dot GS transition is between 0.4 and 1 increasing up to about 10 with the increase of the carrier density at room temperature Schneider (2004) . The phase shift at the QD SOA-MZI output is given by Wang (2004) 
It is seen from equation (20) that the phase shift φ 1 (t) − φ 2 (t) is determined by both LEF and the gain. For the typical values of LEF α ≈ (2 − 7), gain g 1,2 = 11.5cm −1 , L 1,2 = 1500µm the phase shift of about π is feasible.
Logic Gate Operation
Consider an AO-XOR gate based on integrated QD SOA-MZI which consists of a symmetrical MZI where one QD SOA is located in each arm of the interferometer as shown in Fig. 2 . Two optical control beams A and B at the same wavelength λ are inserted into ports A and B of MZI separately. A third signal, which represents a clock stream of continuous series of unit pulses is split into two equal parts and injected into the two SOAs. The detuning ∆ω between the signals A, B and the third signal should be less than the homogeneous broadening of QDs spectrum. In such a case the ultrafast operation occurs. In the opposite case of a sufficiently large detuning comparable with the inhomogeneous broadening, XGM in a QD SOA is also possible due to the interaction of QDs groups with essentially different resonance frequencies through WL for optical pulse bit rates up to 10Gb/s Ben-Ezra (2007). When A = B = 0, the signal at the MZI input port traveling through the two arms of the SOA acquires a phase difference of π when it recombines at the output port, and the output is "0" due to the destructive interference. When A = 1, B = 0, the signal traveling through the arm with signal A acquires a phase change due to XPM between the pulse train A and the signal. The signal traveling through the lower arm does not have this additional phase change which results in an output "1" Sun (2005) . The same result occurs when A = 0, B = 1 Sun (2005) . When A = 1 and B = 1 the phase changes for the signal traveling through both arms are equal, and the output is "0".
Wavelength Conversion
An ideal wavelength convertor (WC) should have the following properties: transparency to bit rates and signal formats, fast setup time of output wavelength, conversion to both shorter www.intechopen.com
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and longer wavelengths, moderate input power levels, possibility for no conversion regime, insensitivity to input signal polarization, low-chirp output signal with high extinction ratio and large SNR, and simple implementation Ramamurthy (2001) . Most of these requirements can met by using SOA in the process of wavelength conversion. XGM method using SOAs is especially attractive due to its simple realization scheme for WC Agrawal (2001) . However, the main disadvantages of this method are substantial phase distortions due to the frequency chirping, degradation due to spontaneous emission, and a relatively low extinction ratio Agrawal (2001) . These parameters may be improved by using QD-SOAs instead of bulk SOAs due to pattern-effect-free high-speed wavelength conversion of optical signals by XGM, a low threshold current density, a high material gain, high saturation power, broad gain bandwidth, and a weak temperature dependence as compared to bulk and MQW devices Ustinov (2003) . We combine the advantages of QD-SOAs as a nonlinear component and MZI as a system whose output signal can be easily controlled. In the situation where one of the propagating signals A or B is absent, CW signal with the desired output wavelength is split asymmetrically to each arm of MZI and interferes at the output either constructively or destructively with the intensity modulated input signal at another wavelength. The state of interference depends on the relative phase difference between the two MZI arms which is determined by the SOAs. In such a case the QD SOA-MZI operates as an amplifier of the remaining propagating signal. Then, the operation with the output "1" may be characterized as a kind of WC due to XGM between the input signal A or B and the clock stream signal. The possibility of the pattern-effect-free wavelength conversion by XGM in QD SOAs has been demonstrated experimentally at the wavelength of 1.3µm Sugawara (2004) .
3R Regeneration
Short optical pulses propagating in optical fibers are distorted due to the fiber losses caused by material absorption, Rayleigh scattering, fiber bending, and due to the broadening caused by the material, waveguide, polarization-mode, and intermodal dispersion Agrawal (2001) , Agrawal (2002) . 3R regeneration is essential for the successful logic operations because of the ultra-fast data signal distortions. 3R regeneration requires an optical clock and a suitable architecture of the regenerator in order to perform a clocked decision function Sartorius (2001) . In such a case, the shape of the regenerated pulses is defined by the shape of the clock pulses Sartorius (2001) . The proposed QD SOA-MZI ultra-fast all-optical processor can successfully solve three problems of 3R regeneration. Indeed, the efficient pattern-effect free optical signal re-amplification may be carried out in each arm by QD-SOAs. WC based on the all-optical logic gate provides the re-shaping since noise cannot close the gate, and only the data signals have enough power to close the gate Sartorius (2001) . The re-timing in QD-SOA-MZI based processor is provided by the optical clock which is also essential for the re-shaping Sartorius (2001) . Hence, if the CW signal is replaced with the clock stream, the 3R regeneration can be carried out simultaneously with logic operations. The analysis shows that for the strongly distorted data signals a separate processor is needed providing 3R regeneration before the data signal input to the logic gate.
Simulation Results and Discussion
The study of the ultrafast all-optical signal processor in different regimes such as XOR, WC, 3R signal regeneration requires the simultaneous analysis of the QD-SOA dynamics and MZI behavior. The MZI performance efficiency is determined by the combination of XGM and XPM processes, and for this reason it strongly depends on the value of LEF which varies in an interval of α ∼ (0.1 − 7) Newell (1999) , Sun (2005) . For small α < 1 the XPM process is too weak, and the MZI efficiency is very low. However, the analysis shows that for α ≥ 1 and for the bias current values of I = 30mA the system efficiency is large enough. The efficiency may be significantly increased by using larger values of the bias current for the same value of LEF α. System of equations (6)- (8) with the average pump and signal photon densities (14) constituting a complete set of equations describing XGM and XPM in QD SOA are essentially nonlinear and extremely complicated. Their analytical solution in a closed form is hardly possible, and for this reason, the system of equations (6)- (8) has been solved numerically for the following typical values of the QD-SOA based AO-XOR Berg (2001) , Uskov (2004) , Qasaimeh (2003) , Qasaimeh (2004) : L = 1500µm, L w = 0.1µm, the bias current I = 30mA, LEF α = 1, the width of QD-SOA W = 10µm, Γ ∼ 3 × 10 −2 , τ w2 = 3ps; τ 21 = 0.16ps; τ 12 = 1.2ps; τ 1R = 0.4ns; τ 2w = τ wR = 1ns, N Q = 5 × 10 10 cm −2 , α int = 3cm −1 , σ E = 30meV, τ 12 = τ 21 ρ exp (∆E 21 /k B T). Here ρ = 1, ∆E 21 = 50meV is the separation between the ES and GS energy levels, k B is the Boltzmann constant, T = 300K is the temperature. The situation when only one data signal interacts with the clock stream signal is shown in Fig. 3 . In such a case, wavelength conversion occurs between the optical signal B at the wavelength λ B = 1560nm propagating through the lower arm of QD SOA-MZI and the clock stream signal with λ p = 1530nm. Pattern-effect free wavelength conversion can be realized for the bit rate up to 100Gb/s in the case of a detuning less than the homogeneous broadening, and up to 10Gb/s for a large detuning comparable to the inhomogeneous broadening Ben-Ezra (2007) . Input optical signal distortions result in the output signal pattern-effect, significant pulse broadening and overlapping accompanied by information losses. In such a case the form of pulses can be essentially improved by using the 3R regeneration process shown in Fig. 4 where the RZ clock stream is fed into the input port instead of a CW signal. It is seen in Fig. 4 that a distorted pulse duration is almost doubled while the regenerated signals shown with a solid line have a regular structure with the equal amplitudes and a shape defined by the clock. The ultrafast all-optical signal processor operation performance is mainly determined by the electron dynamics in QD-SOA. In order to investigate the QD-SOA behavior in both arms of QD SOA-MZI we have solved numerically system of equations (6)-(8). The temporal dependence of the electron concentration in WL N w (t) and the electron occupation probability of GS and ES, f (t) and h (t), respectively, in the QD-SOA situated in the upper arm of the MZI for the signal repetition rates of 50Gb/s, 100Gb/s, and 250Gb/s are presented in Figs. 6, 7, 8, respectively. Fig. 6 . emporal dependence of the electron concentration in WL N w (t), the electron occupation probability of GS f (t), and the electron occupation probability of ES h (t) for the QD SOA in the upper arm of the QD SOA-MZI with a clock stream at a data signal repetition rate of 50Gb/s Fig. 7 . emporal dependence of the electron concentration in WL N w (t), the electron occupation probability of GS f (t), and the electron occupation probability of ES h (t) for the QD SOA in the upper arm of the QD SOA-MZI with a clock stream at a data signal repetition rate of 100Gb/s The analysis of QD SOA dynamics for the signal detuning smaller than the homogeneous broadening clearly shows that the operation rate of QD-SOAs is limited by the relaxation time τ w2 ∼ (3 − 5) ps for the electron transitions between WL and ES in the resonant QDs. At the bit rate of several dozens of Gb/s the oscillations of both WL and ES strictly follow the input optical signal variation.
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Fig. 8. emporal dependence of the electron concentration in WL N w (t), the electron occupation probability of GS f (t), and the electron occupation probability of ES h (t) for the QD SOA in the upper arm of the QD SOA-MZI with a clock stream at a data signal repetition rate of 250Gb/s
The electron population of GS is supported at a comparatively high level f 0.6 due to the electron fast transitions between ES and GS. The ES population is low because ES level is emptied rapidly by the fast stimulated transitions to GS at the comparatively high input optical power P in 5mW. The operation rate of QD-SOA can be increased due to the acceleration of the gain recovery at the high optical signal power and the large bias currents I ∼ 30mA Ben-Ezra (2008), Ben-Ezra (2005b) . The filling of ES is determined by slower transitions from WL with the relaxation time τ w2 ∼ (3 − 5) ps. It is seen from the temporal dependences of N w (t), h (t) and f (t) in the lower arm QD-SOA for the pulse bit rate of 50Gb/s, 100Gb/s, and 250Gb/s shown in Figs. 6, 7, 8, respectively , that the WL electron population gradually fails to follow the rapid changes of the input optical signals. At 250Gb/s the oscillation form of the GS and ES occupation probabilities also deteriorates. Consequently, the gain in the both arms of QD SOA-MZI as well as the input power P XOR (19) and phase difference (20) cannot be controlled anymore. Indeed, as it is seen from Figs. 9, 10 for the operation rate of about 250Gb/s << τ −1 w2 the performance of AO-XOR gate sharply deteriorates due to retardation of the QD-SOA dynamics. The increase of the bias current improves the system performance. However, typically the bias current values for QD-SOAs are of an order of magnitude of 50mA, which corresponds to the current density of several hundred A/cm 2 Ustinov (2003).
Conclusions
We for the first time developed a theoretical model of a QD SOA-MZI based ultra-fast alloptical signal processor which under certain conditions can simultaneously carry out logic gates XOR operation, wavelength conversion, and 3R regeneration of the moderately distorted optical signals. The QD SOA-MZI operation has been analyzed theoretically by solving the rate equations of the QD-SOA dynamics, optical wave propagation equations in an active Fig. 9 . XOR operation with a clock stream at a signal bit rate 100Gb/s Fig. 10 . XOR operation with a clock stream at a signal bit rate 250Gb/s medium, and the MZI equations. We have taken into account the two energy levels, namely, ES and GS in the QD conduction band and the inhomogeneity of the QDs size and the resulting inhomogeneous spectral broadening. For a high performance of the proposed processor, LEF should be α 1. The QD SOA-MZI based all-optical processor operation rate is limited by the WL-ES electron transition relaxation time and sharply deteriorates with the increase of repetition rates. The limiting bit rate also depends on the bias current value. Analysis shows that for I = 30mA and I = 50mA the highest bit rates corresponding to the processor successful performance are 100Gb/s and 200Gb/s, respectively.
